Introduction
Aphids have been causing economic damage to soybean in the United States since 2000 (Hartman et al., 2001) . High aphid density on soybeans causes the yield to decrease due to plant damage including leaf puckering, plant stunting, reduced pod and/or seed counts, and smaller seeds (Rice et al., 2008) . In addition, the black sooty mold fungus that grows on aphid honeydew has a negative influence on soybean performance by reducing photosynthesis (Beckendorf et al., 2008) .
Insecticides have been used to manage aphid populations in commercial soybean production (Ragsdale et al., 2007) . An alternative method of control would be to develop aphid resistant cultivars. Use of soybean cultivars with aphid resistance could reduce the amount of insecticide used and its damage to beneficial insects (Hill et al., 2006) . In addition, organic farmers who cannot use broad-spectrum insecticides available to conventional soybean growers could use resistant non-GMO cultivars. Genes that confer resistance to soybean aphids through antibiosis have been identified in the soybean germplasm. Currently, the Rag1 gene is commercially available in both GMO and non-GMO cultivars. However, populations of soybean aphids that can survive on Rag1 have been found on a limited basis (Kim et al., 2008; Hill et al., 2010) . To what extent this single gene can provide protection in light of these biotypes is not clear. Furthermore, it is not yet known if additional genes will be needed to maintain or even improve upon the resistance provided by Rag1. We investigated whether the performance of Rag1 against soybean aphids under field conditions is improved with additional sources of aphid resistance.
The two genes for aphid resistance used in our study were Rag1 and Rag2. The Rag1 gene was found in the cultivar Dowling and the Rag2 was identified in PI 200538 by scientists of the USDA-ARS and the University of Illinois at Urbana Champaign (UIUC) (Hill et al., 2006; Hill et al., 2009 ). The Rag1 gene has been found to reduce aphid development in soybean lines without negatively influencing their agronomic and seed traits (Li et al., 2004; Kim and Diers, 2009; Mardorf et al., 2010) . No data have been reported on the influence of the Rag2 gene alone or in combination with the Rag1 gene on aphid development or agronomic performance of soybean. One objective of our research was to compare aphid development on soybean lines with the Rag1 and Rag2 genes together, the Rag1 gene alone, the Rag2 gene alone, or neither resistance gene. A second objective was to assess the agronomic performance of the lines in the four combinations of the resistance genes.
Materials and methods
The parent lines used to develop the backcross population for our study were A08-123074 and LD08-89051a. A08-124074 was a BC2F2-derived line with the Rag1 gene developed at Iowa State University. The donor of the Rag1 gene was LD05-16521 developed at UIUC. The recurrent parent in the backcross was IA3027, a cultivar developed at Iowa State University. The line LD08-89051a with the Rag2 gene was developed at UIUC.
The cross of A08-123074 with LD08-89051a was made at Santa Isabel, PR, during March 2009. The F1 seeds and seeds of A08-123074 were planted at the Agronomy and Agricultural Engineering Research Center near Ames, IA, during the summer of 2009. Three F1 plants were confirmed as hybrids through molecular analysis conducted by the laboratory of Brian Diers at UIUC with the SSR marker Sct_033. The F1 hybrid plants were used as males for backcrossing to A08-123074 to obtain 35 BC1F1 seeds.
The BC1F1 seeds were planted at Santa Isabel, PR, in October 2009. Nine BC1F1 plants were found to be heterozygous for both Rag1 and Rag2 through molecular analysis conducted by the laboratory of Brian Diers at UIUC. The SSR marker Satt 540 was used to select for Rag1 and Sct_033 was used to select for Rag2. The double heterozygous plants were harvested individually to obtain BC1F2 seed.
The BC1F2 seeds from the nine BC1F1 individuals were planted as families at Santa Isabel, PR, in January 2010 (Table 1) . IA3027RA1, an Iowa State cultivar with the Rag1 gene, and LD08-89051a were planted as checks. The plants were genotyped at Iowa State Univ. for Rag1 with the TaqMan assay for ss107913360 developed at UIUC ). The TaqMan assay for Rag2 was KS9-3 also developed at UIUC (Kim et al., 2010) . The genotypic combinations selected were Rag1Rag1/Rag2Rag2, Rag1Rag1/Rag2Rag2, Rag1Rag1/Rag2Rag2, and Rag1Rag1/Rag2Rag2 (Table 1 ). The selected plants were harvested individually. The BC1F2:3 seeds were used for two experiments. 
Experiment 1
The purpose of experiment 1 was to compare the agronomic performance of lines from the four genotypic classes. The experiment consisted of the 260 BC1F2:3 lines of the four classes obtained in Puerto Rico (Table 1 ) and the parents A08-123074 and LD08-89051a.
The experiment was planted as a randomized complete-block design with one replication at each of three locations in fields of the Agronomy and Agricultural Engineering Research Center near Ames. The entries were planted in a one-row plot 0.76 m long with a 1.02 m spacing between rows and a 1.07 m alley. The seeding rate was 20 seeds for each plot.
The plots at the three locations were rated for aphid infestation three times during the summer on 26 July, 5 August, and 13 August. The rating was based on the aphid scores ranging from 1 to 10 as defined by Mardorf et al. (2010) .
The maturity and height of each plot was recorded before harvest. The plots were harvested individually with a stationary plot thresher. Each plot is being evaluated for seed yield, protein concentration, oil concentration, and seed size. More than 800 aphids per plant, plant stunted, leaves severely curled, yellow, covered with sooty mold and exoskeletons.
10
More than 800 aphids per plant, plant severely stunted, leaves severely curled, yellow-brownish color, covered with sooty mold and exoskeletons, plant dying.
*The economic threshold is 273 ± 38 aphids per plant, often abbreviated to 250 aphids per plant, for susceptible cultivars (Ragsdale et al., 2007) .
Experiment 2
One line for each of the four genotypic classes was prepared by bulking seed from the same BC1F2:3 lines of seven families planted on 19 May in experiment 1.
The experiment was designed to have five aphid treatment levels for each of the four genotypic classes: aphid-free, 675 aphids per plant; 25,000 cumulative aphid days (CAD); 50,000 CAD; 75,000 CAD. We summarized soybean exposure to aphids for large populations by calculating CAD as follows: The treatment of 675 aphids per plant was chosen because it represented the economic injury level of 674 ± 95 aphids per plant defined by Ragsdale et al. (2007) . The treatments that resulted in aphid populations that exceed the EIL were abbreviated to 25K, 50K, and 75K throughout this manuscript. The 25K CAD treatment represented the highest infestation found in experiments that involved naturally occurring soybean aphid infestations, as described by Ragsdale et al. (2007) . The 50K CAD and 75K CAD treatments represented the lowest infestations obtained in infested caged experiments, as described by Cantangui et al. (2009) . To determine when treatment levels had been obtained, an average of the six replications was calculated for each entry.
The four genotypes and five aphid treatments were randomized as a factorial arrangement in a randomized complete-block design with six replications. The experiment was planted on 7 June, 2010 at the Agronomy and Agricultural Research Center near Ames. The rows were 0.61 m long with a 1.02 m row spacing and a 1.15 m alley.
There were 24 seeds planted in each plot.
Each plot was enclosed in a cage covered by netting. The cage frames were set up on 16 June, the nets were anchored in the soil on 25 June, and the nets were put over the frames to enclose the plants on 12 July. The plots were thinned to 10 plants on 18 June at stage V1 when the emergence was complete (Fehr et al., 1971) .
Soybean aphids for this experiment were obtained from a laboratory colony at Iowa State University. The Iowa State colony was established from field-collected aphids found in soybean production fields in Jasper and Story counties in 2008. Additional field-collected aphids were added in 2009 from Story County. Aphids were maintained in a growth chamber under a 14/10 day-night cycle on Prairie Brand 2636NRR, an aphid susceptible cultivar. For aphid rearing in the field for our experiment, six 6.9 m rows of the susceptible cultivar IA3027 were planted on 26 May. Lab colony aphids were transferred to an outdoor aphid rearing enclosures in early June. Rearing enclosures measured 4.5 m x 2.4 m x 2.4 m. A fine mesh fabric covered each enclosure. The fabric was buried under the soil line to exclude predators from entering the aphid rearing enclosures.
All treatments, except the aphid-free, were initially infested on 12 July. A leaf with approximately 50 aphids was paper clipped to the top of the youngest fully expanded leaf on five plants in each plot.
Aphids were first counted 3 days after infestation. During the following weeks, aphids were counted twice a week to determine when the genotypes had 675 aphids per plant. Once that treatment level was reached for a genotype, the plots were sprayed with Warrior II (Lambda-cyhalothrin: Dow AgroSciences, Midland, MI). Whenever an insecticide was applied, we also sprayed the aphid-free controls and all previously sprayed treatments. On 29 July when 675 aphids per plant were found on the plots of the susceptible genotype without either of the two Rag genes, the plots for the 25K, 50K, and 75K CAD treatments of the three genotypes with one or both of the Rag genes were re-infested. A leaf with approximately 100 aphids was paper clipped to the top of the youngest fully expanded leaf on five plants in each plot. Aphids were counted on the plots twice a week through the rest of the summer. By 18 August, the aphid populations had reached a plateau and started to decline on all of the plots. Therefore, all the plots were sprayed and no additional aphid counts were made.
The maturity and height of each plot was recorded before harvest. The plots were harvested individually with a stationary plot thresher. Seed from each plot is being evaluated for seed yield, protein concentration, oil concentration, and seed size.
Results and discussion

Experiment 1
The maximum natural infestation on any line in the experiment was less than a rating of 3, which is less than the economic threshold. Therefore, no results on aphid development among the four genotypes were obtained. The data from the experiment will be used to determine if the Rag1 and Rag2 genes alone or in combination with each other influence agronomic performance under aphid-free conditions.
Experiment 2
The susceptible line without either the Rag1 or Rag2 genes reached 675 aphids/plant 16 days after the initial infestation. The line with Rag1 alone and the line with Rag2 alone reached 675 aphids per plant 24 days after the initial infestation. The line with both Rag1 and Rag2 never reached the 675 aphids per plant treatment level after the initial infestation; therefore, it was necessary to make a second infestation for this treatment on 29 July. It took 18 days after the second infestation to reach 675 aphids per plant for this treatment.
The susceptible line reached 25K CAD 24 days after the initial infestation. The lines with Rag1 alone or Rag2 alone required a second infestation to reach 25K. It took 18 days after the second infestation to reach the 25K treatment for these lines. The line with both Rag1 and Rag2 never reached 25K, even with the second infestation.
The susceptible line reached 50K 35 days after the initial infestation, but never reached the 75K treatment. We were unable to reach the 50K or 75K treatments on any of the aphid-resistant lines.
The results of the experiment indicated that aphid populations did persist on the three resistant lines; however, the rate of population growth was limited on all the resistant lines compared with the susceptible line. The Rag1 gene alone or Rag2 gene alone provided similar protection against development of the biotype of aphid used in our study.
